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Why Nanotechnology at NASA? 


• Advanced miniaturization, a key thrust area to enable new science and 
exploration missions 

- Ultrasmall sensors, power sources, communication, navigation, 
and propulsion systems with very low mass, volume and power 
consumption are needed 

• Revolutions in electronics and computing will allow reconfigurable, 
autonomous, "thinking” spacecraft 

• Nanotechnology presents a whole new spectrum of opportunities to build 
device components and systems for entirely new space architectures 

- Networks of ultrasmall probes on planetary surfaces 
Micro-rovers that drive, hop, fly, and burrow 

- Collection of miciospacecraft making a variety of measurements 


/^^NASA Ames Nanotechnology Program £| 


Stoned in FY 97, currently ahour 25 FTEs on site working on nanotechnology 
research: additional 15 FTEs involved in simulation, process modeling, and 
computational chemistry 

Research focus ranges from carbon and protein nanotubes, quantum device 
physics, quantum computing, data storage to optoelectronics, DNA electronics, 
, Bio- Sensors, Bac tenor hodopsin- based Data-Stomge 

Largest carbon nanotube effort in the Federal government and also one of the 
largest in the world 

- About -60 refereed publications in the field 

- Over 100 talks in National/Inte matin nal Meetings 

- Two Feynmann Awards 
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What is Expected from Alternative 
Electronic Technologies? 




Carbon Nanotube 

H 


Must be easier and cheaper to manufacture than CMOS 

Need high current drive; should be able to dnve capacitances of interconnects 
of any length 

High level orinlegrution (10 9 transistors/circuit) 

High reproducibility (better than t ) 

Reliability (operating time > 10 yean} 

Very low cost ( < 1 /icenl/lransislor) 

Everything about the new technology must be compelling and simultaneously 
CMOS scaling should fail If these two together do not happen, the enormous 
infrastructure built around silicon will moke it difficult for alternatives to 


CNT is a tubular form of carbon with 
diameter as small as l am. 

Length: few am to microns. 

CNT is configurationally equivalent to a 
two dimensional graphene sheet 
rolled into a tube. 



CNT exhibits extraordinary 
mechanical properties: 
Young's modulus over 
1 Tera Pascal, us stiff as 
diamond, and tensile strength 
- 200 GPx 


CNT can he metallic or semiconducting, 
depending on chirality. 




Potential CNT Applications 
and Challenges 


□ 

Mi 

CNT Synthesis 

□ 


Source: Workshop Report - SRC/NASA Ames Workshop on Emerging 
Opportunities and Issues in Nimotubes and Nnnoelecimnks 



CNT has been grown by laser ablation 
(pioneering at Rice) and carbon ai 
(NFC. Japan) - early 90s 

SWNT, high purity, purification methods 

CVD is ideal Tor patterned growth 
(electronics, sensor applications) 

- Well known technique from 
microelectronics 

- Hydrocarbon feedstock 

- Growth needs catalyst 
(transition metal) 

- Multi wall tubes at 
500-800® deg C 

- Numerous parameters 
influence CNT growth 



Carbon Nanotubes at Ames 


CNT in Microscopy 



Atomic Force Microscopy is a powerful technique for imaging, nanomanipularion. 
as platform for sensor work, nanolithography... 

Conventional silicon or tungsten lips wear out quickly CNT tip is robust, 
offers amazing resolution. 


- 10 mu multiw.dl [ ' [ 

n;iiM*tJit»e probe j | 



CNT Based Biosensors 


Computational Nanotechnology 


r>ur interest Is U> develop sensors Tor asLn>biology 10 study origins of life CNT, ihough inert, 
can be functionalized at the tip with a probe molecule C urrem study uses AFM as an 
experimental plalfurm 

The technology is also being used in collaboration with NCI to develop 
sensors for cancer diagnostics 

Idcmilied pnihe molecule that will sene as signature orieukcrrua 
cells, to be attached to CNT 

Current flow due to hybridization will he through CNT electrode to 
an 1 C chip 

- Prototype biosensors C3lhcler development 


Large scale computer simulations based on ah initio 
methods enable understanding nanotube characteristics 
and serve as design tool 

- Evaluation of mechanical properties 

- Evaluation of electronic properties 

- Electron transport in CNT devices 
* Functionalization of the nanotubes 

- Design of electrical and mechanical devices 

- Evaluation of storage potential (H„ Li) 

wait, 

www.mi5.niisa.gov/-deepak/homf.html 



























Experiments: Nanotube based Devices 


Delft* 








VlK.L'ME &5, NUMBER 16 


PHYSICAL REVIEW LETTERS 


16 Oltum* 2000 


Electronic Transport in Y«J — ttlf Carbon Nanotnbcs 

C. Papodopoolot, 1 A Rjkitia, 1 J. Li, 1 AS. VWnwv, 1,2 and J M. Xu u 

'Dttparlmatm of Electrical A Computer E egfoeaHof, UwMi> of Eao a t o, 16 Klmg i College toad Joroalo, 

Oatario. Caaadt MS 304 

-JUuiaa Academy ofSckeacrt, ItutOaU of MaSoeo^aeariot ami D rct ro atn . Fryatka). Moocow Aetricl 141120. tmeia 
‘DMekm of Eoglaoerlot, Beam* Uahmntyt Pmmiinc*. Ueode blood 62912 
(1 mM 22 Mwy 2600) 



1st experimental Step to a Huet-Tt rininal Nanosc ale 

I ra n^iMor. 


[J 


CNT in Microscopy 


Atomic Force Microscopy is a powerful technique for imaging, nanomanipulation, 
as platform for sensor work, nanolithn graph y 


Conventional silicon or tungsten tips wear out quickly 
CNT tip is robust, offers amazing resolution 



Stnubted Mai Jiwt 


www.rvi a r\i o. 


MA5A Ames Research Center 

Ramsey Stevens, Lance Deiiert, Cattian Nguyen 



280 nm Linc/Spacc Array of Polymeric Resist on silicon Substrate 



Silicon Tip Multi-Walled Carbon 

Nanotube Tip 





Based on Phosphate bridges acting as tunnel junctions and H acting 
as capacitive element 


§ DNA coated with metals can act as interconnects 


DNA has self-assembly properties 

O 




DNA Junctions 


Single Electron 
Transistor 



Quantum Bit 




Example: 


(NYU) 



1 <>[)<>lt>gu;ill\ Conneeud l)N A Segments 



Cube 



Truncated Octahedron 


DAB 



DAO DPB DPON DFOW 



Double Cross-Over 
Molecules 




DNA 

Nano-mechanical 

Device 






DNA as Electronics Elements: 

( ilKiinn Claims about DNA as metal or semiconductor?. 

Indirect measurements in the beghmfcag led to this 
controversy? 


Transport measurement* <> n PNA molecule* 


C. Dekker (Delft) 
Nature, 2M0 



4 10.4 run long, double-stranded poly(G)-poiy(C) DNA molecule 
Metal nanoelectrodes that are separated by 8 nm 


sm.ill j;;tp semiconductor 


• Metal coated DNA serve as conductor. 



Bacteriorhodopsin for Optical 

Data Storage 

Ann Hermone and Richard Jaffe 
ahermone@mail.arc.nasa.gov 

• Bacteriorhodopsin (BR) contains the 
chromophore retinal in an all-trans 
conformation. 

• on photoexcitation retinal isomerizes 
from all-trans to mainly 13-cis. 

• Changes in BR’s optical properties in the 
excited state, such as refractive index, 
make it a candidate for optical data storage. 



All-trans Retinal 




• The lifetime of 13-cis retinal is short 
and when retinal returns to the all-trans 
form any data stored is lost. 

•Mutant BR molecules have been prepared, 
in which retinal isomerizes to the 9-cis form 
with a long lifetime, making long-term data 
storage possible. 

•Therefore, we are trying to characterize the 
9-cis isomerization pathway. 
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Why Nanotechnology at NASA? 




• Advanced miniaturization, a key thrust area to enable new science and 
exploration missions 

- Ultrasmall sensors, power sources, communication, navigation, 
and propulsion systems with very low mass, volume and power 
consumption are needed 

• Revolutions in electronics and computing will allow reconfigurable, 
autonomous, “thinking” spacecraft 

• Nanotechnology presents a whole new spectrum of opportunities to build 
device components and systems for entirely new space architectures 

- Networks of ultrasmall probes on planetary surfaces 

- Micro-rovers that drive, hop, fly, and burrow 

- Collection of microspacecraft making a variety of measurements 
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ELECTRON TRANSFER EXPERIMENTS 

• Oxidative damage of DNA has been linked to cancer. 

• How effective is long range electron transfer in causing 
oxidative damage? 



• Estimates of electron transfer rates span two orders of magnitude. 



intrastrai : d & Interstrand 

Significant dependence 
on intervening sequence 


Significant dependence 
on base pair mismatches. 







TRANSPORT EXPERIMENTS 


Voltage 



I 

Poratl) et al, Nature (2000) INSULATING Fink et al, Science (1909) NO GAP! 
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Carbon Nanotube Electronics Band Structure 

(basics) 



Hexagonal Lattice of a Graphene First Brillouin zone for an arm- 
Sheet - (2xunit cell) chair tube. 



NanoSpace 98 - D. Srivastava 
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